Abstract Beech and pine wood blocks were treated with 1,3-dimethylol-4,5-dihydroxyethylen urea (DMDHEU) to increasing weight percent gains (WPG). The resistance of the treated specimens against Trametes versicolor and Coniophora puteana, determined as mass loss, increased with increasing WPG of DMDHEU. Metabolic activity of the fungi in the wood blocks was assessed as total esterase activity (TEA) based on the hydrolysis of fluorescein diacetate and as heat or energy production determined by isothermal micro-calorimetry. Both methods revealed that the fungal activity was related with the WPG and the mass loss caused by the fungi. Still, fungal activity was detected even in wood blocks of the highest WPG and showed that the treatment was not toxic to the fungi. Energy production showed a higher consistency with the mass loss after decay than TEA; higher mass loss was more stringently reflected by higher heat production rate. Heat production did not proceed linearly, possibly due to the inhibition of fungal activity by an excess of carbon dioxide.
Introduction
Chemical modification of solid wood is a novel technology to achieve protection of wood exposed to outdoor weathering conditions. The technology aims at enhancing the durability of wood in terms of resistance against wood decay fungi and insects. Chemical modification can also improve various material properties of wood such as dimensional stability, compression strength, hardness, as well as weathering and UV stability (Hill 2006) . The main processes which have been applied to chemically modify wood are acetylation (Goldstein et al. 1961; Militz 1991; Rowell 2006; Hill and Jones 1999) , treatment with aldehydes or ketones (Akitsu et al. 1993; Yano and Minato 1993; Yasuda and Minato 1994) and furfurylation (Lande et al. 2004) . Another very promising process is the treatment of wood with 1,3-dimethylol-4,5-dihydroxyethylene urea (DMDHEU). In the preceding studies, wood modification with DMDHEU was shown to increase resistance against decay fungi, to improve dimensional stability and to slightly reduce the moisture uptake of wood (Militz 1993; Yasuda and Minato 1994; Yusuf 1996; Kabir et al. 1992) .
The general principle of chemical wood modification is the reaction of a chemical agent with functional groups (mostly hydroxyl groups) of the cell wall polymers (cellulose, hemicellulose, lignin) and the formation of covalent bonds. This causes a change in the chemical and physical characteristics of wood (Rowell 1983; Norimoto 2001; Hill 2006) . Due to the introduction of bulkier groups within the cell wall, the dimensions of the cell wall increase and the pore size is reduced (Hill and Jones 1996; Kwon et al. 2007) . As a result, the dimensional stability generally increases and the equilibrium moisture content decreases, since less space is available between the cell wall polymers to incorporate water molecules. The fibre saturation point of wood (approximately 25-35%) is an important factor for fungal colonisation of wood. Fungi require wood moisture content above fibre saturation, because under these conditions free water is available in the lumens of the wood cells (Eaton and Hale 1993) .
High resistance against fungal decay is assumed to be due to changes in the material properties of wood rather than a toxic effect on fungal physiology. This implies that modified wood can principally be colonised by decay fungi, since modified wood is not toxic to the fungi, but degradation of the modified cell wall is impeded (Hill 2006) .
Studies on the resistance of modified wood to fungal degradation are almost exclusively based on standard test procedures which are limited to the determination of mass loss and/or loss of dynamic modulus of elasticity (MoE). Few studies have addressed the protection mechanisms of wood modification against decay fungi (Ohkoshi et al. 1999; Ritschkoff et al. 1999; Papadopoulos and Hill 2002; Mohebby and Militz 2002) . Activity of decay fungi in wood is usually assessed by measuring the linear growth of the fungal hyphae or the mass loss of the infected wood. In addition, respiration, i.e. production of carbon dioxide (Weigenand et al. 2008) , ATP or ergosterol (Bjurman 1992 (Bjurman , 1994 has been used to evaluate microbial activity. In this study, determination of total esterase activity and micro-calorimetry were used to estimate the colonisation and biomass production on untreated and DMDHEUmodified wood. The determination of the total esterase activity of the fungi is based on hydrolysis of fluorescein diacetate (FDA, 3, . FDA is cleaved to fluorescein and acetic acid by different enzymes, such as proteases, lipases and esterases (Guilbault and Kramer 1964) . These enzymes are constituents of the primary metabolism of micro-organisms (Swisher and Carroll 1980) . Released fluorescein can be quantified by fluorometry or spectrophotometry (Schnürer and Rosswall 1982; Kerem et al. 1992; Bjurman 1993) or localised by fluorescence microscopy (Saxena and Lysek 1993) .
Isothermal micro-calorimetry has been used as a nondestructive technique that requires only small sample volumes, is easy to handle and displays high reproducibility and sensitivity (Criddle et al. 1991) . A micro-calorimeter determines the heat production rate (microwatt) in an adiabatic system, where heat is created by chemical reactions or the metabolic activity of living organisms. The total (net) heat output is equal to the metabolic enthalpy change and can be divided into a catabolic and an anabolic change (Dermoun and Belaich 1980) . Catabolic metabolism, however, constitutes the main part of metabolism in terms of energy release. It was estimated that anabolic metabolism contributed 1.5% to the total heat production for oxic growth of yeast and bacteria and 8% for anoxic growth (Belaich 1980; Larsson et al. 1991) . The released heat is proportional to the consumption of nutrients as long as the mode of metabolism does not change (Xie et al. 1997) . This technique has been used previously to determine the microbial activity in soils (Vor et al. 2002; Dyckmans et al. 2006 ) and of yeasts (Ölz et al. 1993) . Only a few studies describe the use of micro-calorimetry to determine the physiological activity of rotting fungi (Ginterova and Lazariva 1989; Xie et al 1997; Bjurman and Wadso 2000) . Heat production caused by fungi in an infected wood block can be directly related to the mass loss of the same block; for total esterase activity (TEA) determination, however, the wood samples need to be crushed and degradation products leach out during the test in aqueous solution. Therefore the mass loss after testing is difficult to determine.
Materials and methods

Micro-organisms
The brown rot fungus Coniophora puteana (Schum. After impregnation, the specimens were removed from the treatment solution, pre-dried at room temperature for 24 h and subsequently dried at 120°C for 24 h. The weight percent gain (WPG) was calculated from the dry masses before and after treatment as previously described (Donath et al. 2004) . Twelve replicates were used per treatment (n=12).
Wood decay test
A mini-block test comparable with the European standard (1996) EN 113 was carried out to assess fungal decay caused by basidiomycetes (Bravery 1978) . DMDHEU-treated and untreated specimens were stored in a climate chamber at 20°C and 65% relative humidity for 2 weeks in order to reach moisture equilibration. The blocks were sterilised by gamma radiation (25 kGy, Isotron, Netherlands). Petri dishes (145 mm diameter) with malt extract agar (1.5% agar and 4% malt extract, 50 ml per plate) were inoculated with a mycelium agar disc (5 mm diameter) taken from the sub-margin of 1-month-old cultures of C. puteana or T. versicolor. When the fungal mycelium reached the border of the plate (approx. 14 days), three untreated and three modified mini-blocks were aseptically added on separate metal grids (to avoid moisture uptake by the wood block). The plates were incubated at 22±1°C at 65% relative humidity for 12 weeks. Twelve wood samples for each treatment from four different plates were used to determine the mass loss of the wood blocks.
Total esterase activity
Wood mini-blocks which were incubated with wood decay fungi over different time periods (3, 6, 9 and 12 weeks) were taken from the plates, and the surface mycelium was removed. The blocks were crushed with a mortar and a pestle to small pieces (under ice cooling) and dispersed in 100 ml of sterile 60 mmol l −1 sodium phosphate buffer solution (pH 7.6) in an Erlenmeyer flask (500 ml). A stock solution of fluorescein diacetate (FDA, 3,6-diacetoxyfluran, C 24 H 16 O 7 ; Sigma Chemical Co., St. Louis, USA) in acetone (2 mg ml −1 ) was added to reach a final FDA concentration of 10 μg ml −1 . The flasks were incubated at room temperature on a rotary shaker (120 rpm) for 1 h in total. After intervals of 15 min, 1 ml aliquots were taken from the flasks and placed in Eppendorf tubes. The hydrolysis of FDA was terminated by addition of acetone to reach a final acetone concentration of 50% (v/v; Schnürer and Rosswall 1982) . The mixture was centrifuged for 5 min in a micro-centrifuge (IEC Micromax, Netherlands) at 10,000 rpm to remove suspended particles. The amount of fluorescein released was measured (Specord 205, Analytic Jena, Germany) at the absorbance maximum of 494 nm; esterase activity was expressed as milligram fluorescein which was released from FDA within 60 min (Kerem et al. 1992; Swisher and Carroll 1980; Schnürer and Rosswall 1982) . Three individual wood blocks were used for each treatment to determine the activity.
Micro-calorimetry
Heat production was measured with a four channel microcalorimeter (Thermal Activity Monitor 2277, Thermometric, Jarvalla, Sweden) of heat conduction type and recorded using the program DIGITAM 2.0. Wood mini-blocks were incubated with wood decay fungi according to Bravery (1978) as described above. After different incubation times (3, 6, 9 and 12 weeks), the wood samples were removed from the Petri dish and placed into a measuring ampoule (25 ml) in order to determine the heat production. Three types of handling prior to the measurement were tested to assess if the method of sample removal from the agar plate has an effect on heat production. For the first method, the surface mycelium of each wood block was aseptically removed with a scalpel. For the second method, the same specimens were kept in sterile Petri dishes for 7 days at room temperature to allow the fungal mycelium to recover from primary injury. For the third method, the incubated samples were taken from the Petri dishes by cutting an agar block around the sample to minimise damage to the fungal hyphae. The sample was inserted into the measuring ampoule together with the agar block. For the studies presented in Figs. 5 and 6, the first method was applied. During one measurement, heat production of three samples was simultaneously recorded; an empty ampoule served as a reference ampoule; un-inoculated wood did not produce detectable heat in the test. The three samples comprised one replicate for a specific treatment.
Three replicates per treatment were tested in total.
All measurements were performed at 25°C; during the measurement, the micro-calorimeter was located in a climatic chamber at constant temperature. Internal calibration was carried out at 3,000 μW in the static mode. The detection limit was ±9 μW and baseline stability over 24 h was ±15 μW. The ampoules were allowed to equilibrate for 1 h in the stand-by position before heat production data were recorded in intervals of 300 s over 20 h. After the measurement, the samples were dried at 103°C and weighed. The amount of oxygen in the ampoules at the beginning of the measurement was calculated to be approx. 0.21 mmol. Oxygen consumption during the measurements was calculated based on the energy production according to Wieser (1986) . Cumulative energy production (E total ) [J] was calculated from the following equation:
Where Q i = heat [μW] produced per time interval; t = time interval (300 s).
Results
Mass loss of beech and pine wood caused by white and brown rot fungi Beech and Scots pine wood blocks linearly increased in weight percentage gain after treatment with increasing concentrations of DMDHEU. Pine specimens displayed higher weight gains at a given concentration compared to beech due to their lower density (Table 1) . During the decay test, all wood blocks were overgrown by surface mycelium independent of the WPG of the wood. Increasing WPG from DMDHEU treatment significantly decreased the mass loss in both beech and pine caused by the white rot fungus T. versicolor and the brown rot fungus C. puteana after fungal incubation (Fig. 1) . In beech, mass losses of the controls were greater than 60% after 12 weeks of incubation reflecting high activity of the tested fungi. At moderate and high WPG (approx. 13% and 28%), the mass loss in beech specimens was less than 6% with T. versicolor and less than 10% with C. puteana, while at low WPG (approx. 0.8% to 6.8%), higher mass loss was observed for T. versicolor (approx. 45%) and C. puteana (18-26%).
Mass losses of pine sapwood controls were lower than those of beech wood controls, particularly with T. versicolor. As observed for modified beech wood, pine specimens with moderate and high WPG were minimally degraded by the fungi. In contrast to the degradation of beech wood, pine with low WPG (1.3%) provided significant resistance against T. versicolor (6% mass loss), while C. puteana caused mass loss of 26%.
Total esterase activity TEA of T. versicolor in untreated beech wood was higher than that of C. puteana in untreated beech (Fig. 2a,b) . T. versicolor promoted the highest fluorescein release of 60 μg ml −1 in untreated beech (after 6 weeks), while the maximum fluorescein release produced by C. puteana was only half of that of T. versicolor. Specimens with WPG between 3% and 10% incubated with T. versicolor displayed lower TEA than the controls. At high WPG, the activity of T. versicolor was barely above the detection limit. TEA of C. puteana in treated beech was less affected by WPG with mass loss due to decay being less than that for T. versicolor. Similar results were obtained for the pine specimens (Fig. 2c,d ). C. puteana showed the tendency that higher WPG was concomitant with lower TEA; however, the differences between the treated specimens and the control were small, as with C. puteana in beech. T. versicolor in pine, however, showed considerable differences between the treated specimens and the control. The activity of all treated samples was close to the detection limit. Thus, TEA activity differences between them were not detectable. In the pine controls incubated with T. versicolor, TEA (Fig. 2c) continuously increased for 12 weeks. With all other fungi and wood species, maximum values of TEA were reached between 6 and 9 weeks.
Heat and energy production
The thermograms of T. versicolor in untreated and modified beech wood (Fig. 3a) displayed typical courses of heat production after 3 weeks of incubation on agar plates. Heat production started immediately showing a maximum after approx. 2 h. In the untreated controls, the rate of heat production decreases quickly after that peak, while it remained almost constant in the treated samples. As a consequence, total energy production, which was calculated from the cumulative heat production, did not proceed linearly over longer measurement periods when heat production was high (Fig. 3b) . On average, only 40% of the initial oxygen in the ampoules with untreated beech wood remained after 17 h (Fig. 3c) .
The removal of mycelium from the wood surface injured the hyphae potentially inducing primary metabolic activity of the fungi. In most cases, energy production was higher when the wood blocks were removed together with the agar which potentially damaged less of the mycelia (Fig. 4) . However, the agar would also have included more of the fungal biomass and this could also explain the larger energy values. In pine, the energy production of specimens incubated for 7 days after removal of surface mycelium was reduced by up to 46% compared to measurements taken directly after removal of mycelium (after 12 weeks of fungal incubation); these differences, however, were less for the samples measured after 6 weeks of incubation. The greatest differences were observed with C. puteana in beech. In this case, however, energy production after removal of mycelium displayed high standard deviation.
As with total esterase activity, T. versicolor produced more heat energy in beech (Fig. 5a ) than in pine wood With mycelium (directly measured) Fig. 4 Total energy production of decay fungi in wood mini-blocks during 3 h measuring time. Heat production was recorded directly after removal of surface mycelium from the wood block, 7 days after the removal of surface mycelium, without removal of surface mycelium (wood block still placed on an agar block that after incubation was cut from the medium around the sample to minimise damage to the fungal hyphae). a 6 weeks of incubation, b 12 weeks of incubation (error bars show standard deviation; three replicates were used per treatment) (Fig. 6a) . Energy production, however, did not always follow the same course as TEA. T. versicolor in untreated beech and in beech treated with low DMDHEU concentration (Fig. 5a ) produced similar amounts of energy as C. puteana in the corresponding specimens (Fig. 5c) . In contrast, TEA of T. versicolor in untreated beech (Fig. 2a) was much higher than that of C. puteana in corresponding specimens (Fig. 2b) .
A comparison of both fungal species in the untreated beech samples revealed that T. versicolor and C. puteana (Fig. 5b,d ) degraded the wood at comparable rates. In the pine specimens, C. puteana reached a maximum mass loss Fig. 5 Total energy production of decay fungi in untreated (control) and DMDHEU treated (0.12-1.77 mmol l −1 DMDHEU solution) beech mini-blocks during 3 h measuring time. After the indicated incubation times on malt agar plates, the surface mycelium of each wood block was aseptically removed and the activity in the blocks directly determined. a Energy production and b mass loss caused by T. versicolor; c energy production and d mass loss caused by C. puteana (error bars show standard deviation; three replicates were used per treatment) Total energy production of decay fungi in untreated (control) and DMDHEU treated (0.12-1.77 mmol l −1 DMDHEU solution) pine mini-blocks during 3 h measuring time. After the indicated incubation times on malt agar plates, the surface mycelium of each wood block was aseptically removed and the activity in the blocks directly determined. a Energy production and b mass loss caused by T. versicolor; c energy production and d mass loss caused by C. puteana (error bars show standard deviation; three replicates were used per treatment) (50%) after 6 weeks (however, the standard deviation was high), yet energy production continually increased from 6 to 12 weeks of incubation (Fig. 6c,d) .
Overall, the energy production of both fungi in beech and pine tended to decrease with increasing weight gain of DMDHEU and, thus, reflected the differences in mass loss during fungal incubation (Figs. 5 and 6 ). Specimens treated with 0.12, 0.24 and 0.40 mol l −1 of DMDHEU displayed considerable energy production with both fungi and wood species, while higher treatment concentrations (0.83 and 1.77 mol l −1 ) reduced energy production significantly. C.
puteana showed higher energy production in high WPG (0.83 and 1.77 mol l −1 ) beech and pine samples compared to T. versicolor. This reflected the higher mass loss caused by C. puteana (compare Fig. 5b and d, as well as Fig. 1a and b) in high WPG samples and this is also in agreement with the TEA data.
Discussion
Decay of beech and pine sapwood by T. versicolor and C. puteana was strongly affected by DMDHEU treatment. Except for T. versicolor in beech, even treatment with the lowest concentration of DMDHEU (0.12 mol l −1 ) reduced the mass loss of all specimens by more than 50% compared to the controls. In beech, treatment with low DMDHEU concentrations provided increased protection against C. puteana (lower mass loss) than against T. versicolor, while in pine, DMDHEU was more effective against T. versicolor. This effect might be explained by the preference of brown rot fungi for softwoods and of white rot fungi for hardwoods (Eaton and Hale 1993) . Beech wood is a more natural habitat for T. versicolor than pine. Therefore, the fungus can obviously cope with higher levels of DMDHEU treatment in beech than in pine wood. C. puteana, on the other hand, did not show significant differences in mass loss in comparing beech and pine. DMDHEU monomers were recently shown not to have a negative effect on the growth of the two fungi tested, when the chemical was added to agar growth medium (Verma et al. 2005) . The lack of toxicity of DMDHEU has also been shown by its rather high LD50 (>10,000 mg kg −1 ) for rats (OECD SIDS 2000) . Thus, a biocidal effect of unreacted monomers cannot explain the reduction in mass loss. However, the modification of beech and pine wood with DMDHEU to a WPG greater than 10% provided a level of protection against T. versicolor and C. puteana, comparable to that of conventional wood preservatives. Increasing the WPG of DMDHEU also resulted in lower metabolic activity of the infecting fungi. Energy production and TEA were observed at the highest WPG, and this metabolic activity emanated from fungal hyphae within the wood blocks as the surface mycelium was removed prior to measurement. These results show that the fungi were not only able to overgrow, but also to colonise the wood blocks. The ability to colonise the wood, was also confirmed through microscopy which showed the presence of hyphae in the cells of modified wood (not shown). At high WPG, the fungi are able to grow into the wood and use readily available nutrients such as simple sugars, minerals, proteins or vitamins in the parenchyma cells. The degree of colonisation, however, remains low, since the fungi are not able to make nutrients accessible by degradation of cell wall polymers. In addition, the fungi do not seem to be able to transport sufficient amounts of nutrients from the outer agar medium into the wood.
Three main mechanisms have previously been cited to explain high resistance of chemically modified wood against fungal decay (Hill 2006) : reduction of the moisture content (fibre saturation point), changes of the cell wall polymers to make these polymers unrecognisable for enzymes and/or a lower micro-pore size in the wood cell wall. It is assumed that cell wall bulking and micro-pore blocking can effectively inhibit the penetration of low molecular weight diffusible agents, which is required for fungal degradation (Papadopoulos and Hill 2002; Hill et al. 2005) .
The esterase activity and heat production did not always follow the same trends. In both fungi, the energy production appeared to be rather constant over the total incubation time (12 weeks), while FDA hydrolysis remained variable. This could be the result of a higher systematic error, e.g. related to enzyme extraction during TEA determination. The colonisation of the wood specimens was not confirmed by mass loss determination because the procedure required crushing and destruction of the samples.
Injury during the removal of mycelium from the wood surface did not seem to induce the metabolic activity (e.g. heat production) in the fungi. Heat production was higher, when the injury was minimised by removing agar together with the wood block (still, considerable injury of hyphae occurred in the agar block). This might be explained by greater fungal biomass in the agar. Specimens kept under sterile conditions to allow the mycelium to recover from injury showed a reduced activity. This could also be explained as the effect of non-optimal storage conditions (drying and surface death of mycelial cells), rather than a reduction in activity after remediation of the injury.
During calorimetry, fungal activity was strongly affected by respiration, particularly at higher energy production levels. It was previously reported that high carbon dioxide concentrations affect fungal activity stronger than a lack of oxygen (Scheffer 1986; Ljungholm et al. 1979; Sparling 1983) .
Conclusion
Determination of total esterase activity and metabolic heat (energy) in a micro-calorimeter are suitable methods for determining the fungal activity in decaying wood. Both methods provide measures of fungal primary metabolism; however, secondary metabolism also contributes to heat production. Micro-calorimetry, in particular, is a nondestructive method for rapid screening of wood preservatives or novel wood modification technologies. Moreover, it provides a method to relate mass loss and fungal activity in wood.
Wood modified with DMDHEU showed reductions in mass loss during fungal incubation, but even at the highest WPG the fungi were able to colonise the treated wood. The extent of both mass loss and fungal activity in the wood was related to the WPG by the extent of cell wall alteration. The DMDHEU in the wood has been shown not be toxic to the fungi and rather, the mode of action of DMDHEU in imparting high durability to the wood is different from conventional biocides.
